A comparison was made of denitrification by Pseudomonas stutzeri, Pseudomonas aeruginosa, and Paracoccus denitrjjicans. Although all three organisms reduced nitrate to dinitrogen gas, they did so at different rates and accumulated different kinds and amounts of intermediates. Their rates of anaerobic growth on nitrate varied about 1.5-fold; concomitant gas production varied more than 8-fold. Cell yields from nitrate varied threefold. Rates of gas production by resting cells incubated with nitrate, nitrite, or nitrous oxide varied 2-, 6-, and 15-fold, respectively, among the three species. The composition of the gas produced also varied markedly: Pseudomonas stutzeri produced only dinitrogen; Pseudomonas aeruginosa and Paracoccus denitrificans produced nitrous oxide as well; and under certain conditions Pseudomonas aeruginosa produced even more nitrous oxide than dinitrogen. Pseudomonas stutzeri and Paracoccus denitrificans rapidly reduced nitrate, nitrite, and nitrous oxide and were able to grow anaerobically when any of these nitrogen oxides were present in the medium. Pseudomonas aeruginosa reduced these oxides slowly and was unable to grow anaerobically at the expense of nitrous oxide. Furthermore, nitric and nitrous oxide reduction by Pseudomonas aeruginosa were exceptionally sensitive to inhibition by nitrite. Thus, although it has been well studied physiologically and genetically, Pseudo-M"onas aeruginosa may not be the best species for studying the later steps of the denitrification pathway.
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Denitrification is the anaerobic reduction of a fixed nitrogen oxide, coupled with respiratory generation of ATP and release of a gas. The process has been the topic of several recent reviews (6, 15, 24, 25, 27, 38) . Complete denitrification is thought to involve the sequential reduction of nitrate, nitrite, nitric oxide, and nitrous oxide to dinitrogen gas. A variety of incomplete denitrification pathways also exist: some denitrifying bacteria reduce both nitrate and nitrite; others reduce only nitrite. Some produce only dinitrogen; some produce a mixture of dinitrogen and nitrous oxide; others produce only nitrous oxide. Even within a single species, Pseudomonasfluorescens, the biotypes differ in the end product of the pathway (11) . In a species of Vibrio, only nitrate and nitrous oxide are reduced (41) . Such diversity, in a sense a natural set of mutant phenotypes, has contributed to our understanding of the intermediates of denitrification and the significance of each reductive step. However, it is becoming increasingly evident that significant differences exist in the rate and regulation of each step even among organisms that possess the complete pathway (i.e., reduction of nitrate to dinitrogen). Knowl Measurement of denitrification intermediates. Nitrite was measured by a modification of the method of Nicholas and Nason (23) . Samples were mixed vigorously into 4 ml of reagent containing 0.25% sulfanilic acid, 0.005% Cleve's acid, and 15% acetic acid, and the absorbance at 540 nm was measured 30 min later.
Gas samples were analyzed with a Perkin-Elmer Sigma 4 gas chromatograph equipped with a thermal conductivity detector. Samples were injected onto a column (3/ Organisms. Pseudomonas stutzeri JM300 was a natural soil isolate, obtained from B. A. Bryan and C. C. Delwiche of this university, characterized as previously described (4a withdrawn with a Hamilton liquid syringe. The rate of denitrification was proportional to the concentration of cells in suspension. Each vial was sampled at least five times over a period of 2 to 4 h.
Nitrate reductase activity was measured in vitro with crude extracts prepared by harvesting cells by centrifugation, suspending them in 50 mM Tris-hydrochloride buffer (pH 7.5) containing 1 mM EDTA, 5 mM 2-mercaptoethanol, 5 mM MgSO4, and 1 mg of DNase per ml, and breaking them in a French pressure cell, all at 4°C. The production of nitrite was estimated in the presence of dithionite-reduced benzylviologen as electron donor by a modification of the method of Lowe and Evans (18) . The reaction mixture contained, in a final volume of 2 ml, 80 ,umol of potassium phosphate buffer (pH 7.4), 40 ,umol of NaNO3, 30 ,umol of benzyl viologen, and cell extract. After several minutes of equilibration at 30°C, the reaction was initiated by adding 0.2 ml of a freshly prepared solution of 46 mM sodium dithionite in 0.1 M sodium bicarbonate. Samples were removed at various times for the measurement of nitrite. Reaction rates were proportional to time and protein concentration, the latter measured by the method of Lowry et al. (19) . One unit of activity was defined as the amount of enzyme that catalyzed the production of 1 nmol of N02-min t. (Fig. 1) . The pattern of accumulation of nitrogen oxide intermediates varied markedly among the three species. Nitrite accumulated transiently in growing cultures of all three species; it was highest with Pseudomonas stutzeri (Fig. 1) , but it disappeared from the medium late in the growth phase. A small amount of nitrous oxide appeared as Paracoccus cells entered stationary phase (Fig. 1C) . Larger amounts were produced by Pseudomonas aeruginosa at about the same growth phase (Fig. 1B) . Pseudomonas stutzeri never produced detectable extracellular N20.
The rates of gas production by early-stationary-phase cells are shown in Table 1 . Pseudomonas aeruginosa was by far the most active, but a large proportion of the gas produced was nitrous oxide (Fig. 1) . Pseudomonas stutzeri and Paracoccus denitrificans produced N2 exclusively, but the former produced it at a significantly higher rate.
The two pseudomonads produced similar cell yields from denitrification of nitrate (Table 1) The three species metabolized nitrite quite differently. Both pseudomonads produced gas much more slowly from nitrite than from nitrate (Table 2 ). However, Paracoccus denitrificans produced gas from both electron acceptors at about the same rate. Like growing cultures, resting cells of both Pseudomonas stutzeri and Paracoccus denitrificans produced primarily N2, with a trace of nitrous oxide accumulating from the latter. With 100 mM sodium nitrite, gas production was further inhibited, and nitrous oxide constituted the major portion (70%) of the product from both species (data not shown). Pseudomonas aeruginosa differed dramatically: the predominant product with 36 mM nitrite was nitric oxide, and only traces of N2 and nitrous oxide were present (Table 2) . Since the reduction of nitric oxide appeared to be almost completely inhibited by 36 mM nitrite, the effect of higher concentrations was not examined. Lower concentrations differentially inhibited the reduction of NO and N20 (Fig. 2) . Cells supplied with 6 mM nitrite produced nitric oxide transiently in addition to nitrous oxide and N2. Total gas production was 35 nmol of N min-1 mg (dry wt)-1. At a nitrite concentration of 12 mM, total gas production decreased, the accumulation of nitric oxide was higher and persisted longer, and production of both N2 and nitrous oxide was depressed (Fig. 2B) . These trends continued in the presence of 18 mM nitrite (data not shown), and with 36 mM nitrite only nitric oxide was present even after several hours of incubation (Fig. 2C) . The evolution of gas by Pseudomonas stutzeri cells incubated with 36 mM nitrite is shown (Fig. 2D) for comparison, and that by Paracoccus denitrificans cells was similar, as mentioned above.
Pseudomonas stutzeri and Paracoccus denitrificans both vigorously reduced nitrous oxide to N2 (Table 2 ), but the rate of reduction by Pseudomonas aeruginosa was an order of magnitude slower. Furthermore, gas production by the other two species from nitrous oxide was markedly faster than it was from either nitrate or nitrite; this was not true for Pseudomonas aeruginosa. Exogenous nitrous oxide was not toxic to this organism, because its growth on nitrate was not inhibited by 1.0 atm of nitrous oxide (data not shown). Rather, the slow rate of reduction of N20 and the failure of cells growing on nitrate to reduce it completely to N2 (Fig. 1 ) must reflect a defect in the ability of this species to metabolize nitrous oxide. DISCUSSION Bacteria that carry out complete denitrification differ fundamentally in a number of ways. For the three species in this study, the ability to denitrify serves the same function, allowing anaerobic growth of these facultative aerobes, but the growth rates, cell yields, ability to utilize exogenous intermediates, and relative rates of various steps of the pathway varied greatly. Pseudomonas aeruginosa grew most rapidly (doubling time, 1.3 h) and released the largest amount of gas; however, it had the lowest cell yields (28 g/mol of nitrate) and produced the highest proportion of nitrous oxide. In contrast, Pseudomonas stutzeri and Paracoccus denitrificans grew more slowly (doubling times, 1.9 and 1.5 h, respectively) and released gas more slowly, but the gas produced was nearly all N2 and the cell yields were markedly higher (34 and 78 g/mol of nitrate, respectively). The relative rates of various steps of denitrification in the three representative denitrifiers were also compared by measuring gas evolution in resting cells incubated with nitrate or intermediate electron acceptors; again the three species had different patterns ( Table 2) . Pseudomonas stutzeri reduced nitrate, nitrite, and nitrous oxide completely to N2 at the highest rates. Paracoccus denitrificans behaved similarly, although some nitrous oxide was excreted when cells were incubated with 36 mM nitrite. Pseudomonas aeruginosa was strikingly different; it reduced each of the nitrogen oxides much more slowly. The reduction rates for nitrite and nitrous oxide were one-fourth and one-fifteenth those of the other species, respectively. Surprisingly, nitric oxide accumulated as the major product of nitrite reduction. Only with low concentrations of nitrite were nitrous oxide and N2 produced. Possibly the reductases constituting the latter part of the denitrification pathway in Pseudomonas aeruginosa are differentially inhibited by nitrite. Payne (26) discussed earlier studies that also concluded that nitrite plays a dominant role in determining the composition of the gaseous products of denitrification. We found that concentrations of nitrite greater than 15 mM markedly inhibited anaerobic growth of Pseudomonas aeruginosa (data not shown), consistent with reports that 10 mM nitrite inhibited respiration, active transport, and oxidative phosphorylation in this organism (40) . This concentration of nitrite was also reported to inhibit the growth of Paracoccus denitrificans (39); however, we found that the resting cells of this organism were much less sensitive to nitrite than were those of Pseudomonas aeruginosa.
Recently, a group of denitrifiers was compared for their apparent affinity for the uptake of nitrate (R. (27) .
Delwiche showed, acetylene inhibition of nitrous oxide reduction decreased the cell yield from nitrate of Pseudomonas aeruginosa and Pseudomonas stutzeri to the same extent (B. A. Bryan, Ph.D. thesis, University of California, Davis, 1980) . We initiated this comparative study as an aid in choosing an organism suitable for use in physiological genetic investigations on denitrification. Our aim was to select an organism that was typical of those carrying out complete denitrification, easily manipulated in culture, and capable of genetic exchange. Even from the comparison of only three organisms, it was clear that the level of variation among their patterns of denitrification was too great for any of them to be considered typical. Pseudomonas aeruginosa might still be considered desirable because it has a well-characterized genetic system (13, 35) , but its inability to grow anaerobically with exogenous N20 argues persuasively against it. Mutants blocked in the last step of the pathway would be difficult to select or score. We chose Pseudomonas stutzeri for our further studies. It denitrifies actively, is easy to manipulate in culture for physiological and genetic experiments, and, as we found recently, has an effective natural transformation system for the exchange of genetic information between cells (4a).
